INTRODUCTION 3 4
Explosive volcanic eruptions typically produce large amounts of volcanic ash 5 (tephra), which may be deposited across a wide area. Layers of tephra preserved in peat, 6 lake and marine sediments provide a means of correlating sequences and, when the tephra 7 can be identified to an eruption of known age, a method of dating sediments. Traditional 8 tephrochronology has concentrated on tephra layers which are visible to the naked eye. 9
These visible tephra layers are only present comparatively near to the source volcanoes 10 and limit the potential of tephrochronology. More recently non-visible tephras have been 11 identified which can only be detected by microscopy (termed cryptotephras or With only a few exceptions (Zoltai, 1988 ; Gehrels et al., 2006 ) 22 cryptotephrochronology has not been applied outside western Europe. Cryptotephra 23
To examine the correlation between tephras found in this study and with those 1 previously examined a variety of techniques were investigated. Bi-plots and ternary 2 diagrams were constructed for selected major oxides. Correlations within the data-set and 3 with previous studies were tested using similarity coefficients (Borchardt et al., 1972) , a 4 technique for comparing average percentages of major oxides of glasses between tephra 5 pairs. The similarity coefficient (SC) is calculated as the averaged ratio of normalized 6 oxides using the lesser value as the numerator. Following Riehle (1985) , oxides with a 7 maximum value of less than 0.4% are excluded from the calculation. SCs of 0. need to be treated with caution. SC matrices were constructed to compare tephras within 12 our data-set and with a large data-set compiled from previously published tephra analyses 13 in southern Alaska (Riehle, 1985; Riehle et al., 1987; 1990; Blackford, 2005). The very large number of tephras which need to be compared in a 19 region such as Alaska make the speed and simplicity of the SC method highly useful, 20 although it may be best employed in combination with other techniques. 21
Multivariate techniques have been used to distinguish between tephras from 22 similar sources or the same volcanic system, and are particularly useful where the major 23 element geochemistry falls within a narrow range (Stokes and Lowe, 1988; Shane and 1 Froggatt, 1994) . In this study, the general structure of the EPMA data was investigated 2 by indirect gradient analysis, serving here as a dimension-reduction technique to allow 3 the multivariate data to be presented in a 2-D plot. The entire data-set was analysed by 4
Principal Components Analysis (PCA) using log-transformed data with double centring 5 in CANOCO ver. 4.53 (Ter Braak & Šmilauer, 1997 -2004 . As an additional tool to 6 investigate the data structure and internal correlations, cluster analysis was applied (King 7 et al., 1982). The entire data-set including all oxides was analysed using Average-Link 8 clustering with a squared Euclidean Distance matrix in SPSS ver. 10. 9
Cores were dated using radiocarbon. Material to be dated was carefully prepared 10 using clean instruments with samples taken from the centre of the cores to avoid 11 contamination with modern carbon. Bulk samples were used for initial dates from the 12 base of the cores, but greater precision is required for dates on tephra layers. For these 13 samples, plant macrofossils were individually picked out, preferentially selecting 14 Sphagnum leaves and stems as these are believed to be an optimal dating material 15 (Nilsson et al., 2001 ). Bulk peat samples were sieved to remove fine material (<300 μm) 16 and macrofossils picked out under low-power microscopy at 50x magnification. Samples 17 were carefully cleaned to remove any contaminants and washed in 10% HCl and 18 ultrapure water. Dating was carried out at three different laboratories: a bulk sample from 19 the Chilkoot Pond site was radiometrically dated at the Gliwice laboratory (Gd prefix), a 20 sequence of samples across a tephra in the Point Lena site was AMS dated at the 21
Groningen laboratory (GrA prefix) and ten further samples were AMS dated at the NERC 22 radiocarbon laboratory, East Kilbride (SUERC prefix). For one tephra from the Chilkoot 23
Pond site, a sample of Sphagnum leaves and a sample of Sphagnum stems were analysed 1 separately to determine the impact of material choice on radiocarbon date. For the sample 2 from 100-101 cm depth in the Point Lena site two sub-samples were dated, one each at 3 the Groningen and NERC laboratories. Radiocarbon dates were calibrated using OxCal 4 ver.3.10 (Bronk Ramsey, 2005). To estimate the age of tephra layers not directly dated, 5
age-depth models were constructed using linear interpolation between dating points 6 (Payne & Blackford, submitted). Linear interpolation makes the assumptions that all 7 radiocarbon dates are accurate and that accumulation rates change precisely at the dating 8 point, either of which may well be misplaced. Despite these potential problems, this 9 strategy is most appropriate when the number of dates available is limited, as in this study 10 their site code and depth, so for instance the LNA 39 tephra has a peak concentration of 20 glass shards in the sample at 39 cm depth in the Point Lena site. Glass shards were often 21 small and scarce and the available samples comparatively small; EPMA data were only 22 obtainable from nine of these layers (Table 1) . Some analysis totals are comparatively 23 low, probably due to shard hydration. Some analyses with low totals were excluded; 1 however, the 95% limit advocated by Hunt and Hill (1993) was not applied to allow 2 comparability with previous Alaskan tephra studies. Some heterogeneity is apparent in 3 some tephras (for instance MTR 146). Possible reasons for this include real magma 4 heterogeneity (eg. Downes 1985, Riehle et al. in press), selective loss of volatile elements 5 due to the use of a fixed beam or conceivably (but unlikely) mixed tephra layers. 6
7
Correlations between tephras analysed in this study 8
9
Correlations between tephra layers in this study have been tested using oxide 10 plots, similarity coefficients and cluster analysis. Table 2 shows the internal SC matrix. 11
Results show SCs >0.90 between many tephra pairs and SCs >0.95 between several. The 12 SC results only provide an indication of potential correlations and data need to be 13 interpreted with regard to the probable age and stratigraphic position of the layers. For 14 instance, the highest SC value is 0.98 between the LNA 100 and LNA 39 layers. These 15 tephras occur at different depths in the same site with no evidence for disturbance of the 16 stratigraphy. It would therefore seem extremely unlikely that these layers are correlatives. Analyses of only two shards were obtained on the MTR 190 and ECR 100 tephras but 3 these also appear to be distinct units. 4
The results of the PCA are shown in Fig. 2 . All tephras show considerable scatter, 5 the most distinct feature being the separation of the ECR 162 analyses from the rest. The 6 CHP 184 analyses are clustered to the left of the plot but overlap with some of the other 7 data points. Table 3 shows groups assigned by cluster analysis at the second level from 8 the top (arbitrarily chosen). Cluster analysis of the dataset highlights four groups. Group 9 one is the largest and includes the majority of the data: all analyses from the SPM 26, 10 CHP 184 and ECR 32 tephras, the majority of analyses of glass from the LNA 39, LNA 11 100 and MTR 146 tephras and one analysis from the MTR 190 tephra. Group 2 includes 12 all ECR 162 analyses and no others. Group 3 includes two analyses of LNA 100 tephra 13 and one of LNA 39; these analyses are differentiated by low sodium contents and may be 14 best considered as analyses in which distinct sodium mobilisation occurred (Foggatt, 15 1983; Hunt and Hill, 1993). Group 4 includes three analyses of MTR 146, both analyses 16 of ECR 100 and one analysis of MTR 190 tephra, differentiated by high SiO 2 and/or low 17
Taken overall, the data analyses suggest several features of the data: 19 1. The ECR 162 tephra is clearly the most distinct unit with low similarity coefficients 20 with the other tephras and all analyses forming a distinct group in the cluster analysis. 21 2. The ECR 100 is probably also a distinct layer although only two analyses were 22 obtained. 23 3. Similarly, only two analyses were obtained from the MTR 190. These analyses are 1 different from each other, and are assigned to different cluster analysis groups; however 2 both of these analyses are quite distinct and suggest this tephra is probably a distinct unit. There is also similarity in the composition of the CHP 184, MTR 146 and LNA 22 100 tephras, although considerable differences in their probable age. Similarity 23 coefficients of these tephras with WRA reference data are also high; SCs exceed 0.95 1 with at least one of the established data-sets (Table 4) the White River Ash reference data shows a convincing overlap (Fig. 3) , providing 6 evidence that these tephras are the WRA or have the same source. By contrast, SCs with 7 many other tephras compared do not exceed 0.95. There is no significant difference in 8 correlation to the Northern or Eastern lobe WRA data presented by Downes (1985) . 9
Analyses of the ECR 100, MTR 190 and ECR 162 tephras show only limited 10 agreement with those of other tephras in this study and are likely to be distinct units. The 11 ECR 100 data are from only two shards, making definitive correlation difficult. These 12 shards show the greatest similarity to proximal tephra from Augustine Volcano (Riehle, 13 1985) , although SCs do not exceed the 0.95 criterion (SCs ≤0.94; Table 5 Table 5 ). These 20 correlations provide evidence for a Redoubt origin, although the limited size of the data-21 set and difference between the shards means that this must be treated with caution. 22
The ECR 162 tephra is the most clearly distinct identified tephra. Similarity 1 coefficients with Aniakchak tephra in western Alaska are high (≥0.95); by contrast, SCs 2 with other tephras in the comparison set do not exceed 0.92. Major element ranges 3 overlap with the Aniakchak data in a ternary plot (Fig.4) 
In all five of these studied sites a tephra layer is present in the uppermost 40 cm of 10 peat. EPMA data from tephra from three of these sites (SPM 26, LNA 39, ECR 32) 11 strongly suggest correlation. Although the MTR 32 and CHP 33 tephras do not have 12 geochemical data, the similarity in depth suggests they are correlatives. The CHP 33 13 tephra has been directly radiocarbon dated. A sample of Sphagnum leaves gave an age 14 estimate of 280-320 cal. BP (Table 6 ) and a sample of Sphagnum stems gave a 15 marginally less precise date with a calibrated age range of 290-460 cal. BP, supporting 16 the choice of Sphagnum leaves for the other dates. The CHP 33 tephra was therefore 17 deposited around 300 BP. Although the CHP 33 tephra does not have EPMA data, the 18 balance of probability suggests a single tephra layer was deposited at all five sites around 19 300 cal. BP, or approximately AD 1650. 20
A sequence of dates has been obtained on the LNA 100 tephra with the intention 21 of wiggle-matching the tephra age (Blaauw et al., 2004 ). An initial date on the glass shard 22 peak (100-101 cm; SUERC-5913) gave a calibrated age-range of 1290-1375 cal. BP. A 23 sequence of dates from 97-104 cm give an overall calibrated age span of 1180-1610 cal. 1 BP. There is considerable variability in these dates and they do not form a coherent 2 stratigraphic sequence (Table 6 ). The variability in the dates does not correspond to 3 wiggles in the calibration curve, making wiggle-matching impossible. Reasons for the 4 unexpected sequence of dates are uncertain. Two independent dates have been obtained 5 on the horizon containing the cryptotephra at 100-101 cm (Table 6 ). These produced 6 overlapping calibrated age-ranges of 1260-1360 and 1290-1375 cal. BP, providing a 7 consistent age estimate for the LNA 100 tephra. 8
The ECR 162 tephra has been dated to 5030-5300 cal. BP (SUERC-5917; Table  9 6). The ECR 100, MTR 146 and MTR 190 tephras were not directly dated. Age-depth 10 interpolation suggests that the ECR 100 tephra was deposited c. reported the depth of the WRA tephra in western Canadian peatlands; in ombrotrophic 23 sites the mean depth of the tephra was 68 cm whereas in poor fens it was 54 cm. The sites 1 in this study are further south in a more climatically favourable location for peat 2 accumulation. It is therefore extremely unlikely that a tephra at this depth could be a 3 correlative of either of the WRA deposits. No younger eruptions are known from Mt. 4
Churchill. The only volcano in the Wrangell Volcanic Field to have had historic-age 5 eruptions is Mt. Wrangell. However, there are no known eruptions correlative with the 6 probable age of this tephra and the high degree of geochemical similarity to the WRA 7 means a different source is improbable. The most likely source of the tephras is therefore 8 a previously unknown eruption of Mt. Churchill, within the last 600 years, and most 9 probably around AD 1650. We propose the name 'Lena tephra' for this layer following 10 the convention of naming previously unknown tephras after the site in which they were 11 first located. 12
The MTR 146, LNA 100 and CHP 184 tephras also bear geochemical similarity 13 to the WRA. The MTR 146 tephra is dated at c. 6330 cal. BP. While this estimate is 14 based on extrapolation and must be treated with caution, the sequence appears to be 15 complete and to span most of the Holocene (Payne and Blackford, submitted) so this 16 tephra is almost certainly mid-Holocene in age. It is therefore unlikely to be either of the 17 WRA eruptions. The most probable source is another previously unidentified eruption of 18
Mt. Churchill. 19
The age of the CHP 184 tephra is uncertain. Peat accumulation at this site appears 20 to have undergone an unusual pattern as this depth of peat would usually represent 21 several thousand years. The closest dates to the tephra here are around 500 cal. BP. 22
Given this level of uncertainty the layer may be the Lena tephra but could also be either 23 WRA tephra, the mid-Holocene tephra identified at MTR 146 or even yet another similar 1 tephra. 2
The LNA 100 tephra shows geochemical similarity to WRA tephra. Dating 3 evidence does not show a consistent sequence of radiocarbon dates but samples from peat 4 containing the ash layer suggest that the tephra was deposited between approximately 5 1260 and 1375 cal. BP. The most likely origin of this tephra is therefore one of the WRA 6 eruptions, most probably the younger, eastern lobe event. Clague et al. (1995) presented 7 ten radiocarbon assays on this tephra spanning 791 to 1416 cal. BP and opted for a 8 weighted mean of four of these dates to assign the eruption an age estimate of c. 1147 cal. 9
BP. The dates in this study would suggest an older date for this tephra although this 10 conclusion is complicated by the dates being out of sequence (Table 6) . 11
The ECR 162 tephra is the most geochemically distinctive tephra located in these 12 sites. EPMA data suggest a good correlation with tephra from Aniakchak. The tephra is 13 dated to 5300-5030 cal. BP, considerably older than the very large caldera-forming event there are comparatively few published data from this volcano (Riehle et al., 1999) . 21
Despite the similarity in age with Black Peak, based on the geochemical composition the 22 most probable source of the tephra is a previously unknown eruption of Aniakchak. Aniakchak and possibly Augustine and Redoubt Volcanoes. Ages assigned to these 17 tephras by radiocarbon dating and age-depth models provide new regional iochrons. In 18 several cases the cryptotephras appear to be from previously unknown eruptions. Perhaps 19 the most interesting find is the widespread Lena tephra at c. 300 cal. BP. This tephra was 20 found in all five study sites and may prove to be a very useful late Holocene isochron. 21
The western European cryptotephra record has shown that cryptotephra layers can be 22 formed at great distance even from comparatively minor eruptions (Dugmore et al., 23 21 1996). Therefore the eruptions that formed the cryptotephras identified here were not 1 necessarily particularly large, and this might explain why they have apparently been 2 overlooked in proximal studies. 3
None of the tephras identified appear to be from Mt. Edgecumbe, the only 4 volcano in the southeast Alaskan panhandle. Similarity coefficients with geochemical 5 data from the Younger Dryas-age Edgecumbe tephra are low (SC<0.85). Although there 6 are no comparative data from the mid-Holocene eruptions the geochemical composition 7 would most probably be expected to be broadly similar. These results therefore suggest 8 that the mid-Holocene eruptions were either very minor, or that unlike the Younger Dryas 9 eruption, tephra plumes were not directed north towards these sites. 10
An important issue with distal tephrochronology in Alaska, and particularly with 11 cryptotephrochronology, is the current lack of comparative data. Eruption frequencies 12
suggest Alaskan volcanoes have produced many thousands of Holocene tephra layers. 13
However, the limited tephra research in Alaska means that only a small minority of these 14 tephras have geochemical data or age estimates. It is therefore difficult to make 15 correlations and to identify a probable source when trying to identify unknown distal 16 tephras that may be from relatively minor eruptions. The tephra identifications reported 17 here could require revision as more data-sets become available. More 18 tephrochronological research, including cryptotephra studies, is required throughout 19
Alaska. 20
Our findings demonstrate that microscopic methods can reveal the presence of 21
Holocene tephra layers in regions for which none were previously known. Results 22 provide an outline Holocene cryptotephrochronology for southeast Alaska that will aid 23 22 dating of palaeoenvironmental records. Future studies may improve age estimates and 1 identify further tephras to extend this scheme. Using these methods it seems probable 2 that tephrochronology could be used much more widely than has been recognized so far. 3
If cryptotephras can be found in these sites (and from volcanoes as distant as Aniakchak) 4 it seems probable that such cryptotephras could also be found through most of sub-Arctic 5 Alaska. EPMA data for southeast Alaskan tephras. Samples with a 'B' notation 10 were analysed at Bergen, samples with an 'E' notation were analysed at 11
Edinburgh. Full details of methodology are in the methods section. 12 13 Table 5 .
Similarity Coefficients of Southeast Alaska with selected analyses of other 4 Alaskan tephras 5 6 Table 6 .
Radiocarbon dating evidence from the five peat cores. 7 
